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a b s t r a c t
L-fucose, a monosaccharide widely distributed in eukaryotes and certain bacteria, is a determinant of
many functional glycans that play central roles in numerous biological processes. The molecular
mechanism, however, by which fucosylation mediates these processes remains largely elusive. To study
how changes in fucosylation impact embryonic development, we up-regulated N-linked fucosylation via
over-expression of a key GDP-Fucose transporter, Slc35c1, in zebraﬁsh. We show that Slc35c1 over-
expression causes elevated N-linked fucosylation and disrupts embryonic patterning in a transporter
activity dependent manner. We demonstrate that patterning defects associated with enhanced N-linked
fucosylation are due to diminished canonical Wnt signaling. Chimeric analyses demonstrate that
elevated Slc35c1 expression in receiving cells decreases the signaling range of Wnt8a during zebraﬁsh
embryogenesis. Moreover, we provide biochemical evidence that this decrease is associated with
reduced Wnt8 ligand and elevated Lrp6 coreceptor, which we show are both substrates for
N-linked fucosylation in zebraﬁsh embryos. Strikingly, slc35c1 expression is regulated by canonical
Wnt signaling. These results suggest that Wnt limits its own signaling activity in part via up-regulation
of a transporter, slc35c1 that promotes terminal fucosylation and thereby limits Wnt activity.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Fucosylation, the modiﬁcation of proteins or glycans with a 6-
deoxy monosaccharide, L-fucose, plays critical roles in many physiolo-
gical and pathological processes. Tissue development, fertilization and
cell adhesion rely on proper protein fucosylation. Aberrant fucosyla-
tion of membrane proteins; however, is characteristic of many
pathological conditions, including cancer, neurological disorders,
immune dysfunction, and developmental defects. (Becker and Lowe,
2003; Ma et al., 2006). For example, deﬁciency in fucosylation impairs
leukocyte-vascular epithelium interactions, which leads to a congeni-
tal disorder known as leukocyte adhesion deﬁciency type II (LAD II).
L-fucose can branch from the core N-Acetylglucosamine (GlcNAc) of
N-linked glycans or from the peripheral GlcNAc and Galactose residues
in both N- and O-linked glycans. In signaling receptors that contain the
epidermal growth factor (EGF) motif (Shao and Haltiwanger, 2003;
Wang and Spellman, 1998) or thrombospondin type repeats (TSR),
fucose is directly linked to the hydroxyl group of serine or threonine
residues (Becker and Lowe, 2003) (Fig. 1A). In vertebrates, the
universal fucosyl donor, GDP-Fucose (GDP-Fuc), is produced in the
cytoplasm through two independent pathways—the de novo biosynth-
esis pathway that uses GDP-mannose as the substrate and the salvage
pathway that uses fucose directly (Becker and Lowe, 2003). GDP-Fuc
serves as the donor substrate for fucosyltransferases (Futs), enzymes
located in the endoplasmic reticulum and Golgi, which transfer fucose
from GDP-Fuc to N- and O-linked glycans or to protein acceptors
directly (Becker and Lowe, 2003; Ma et al., 2006) (Fig. 1A).
As links between GDP-Fuc production and usage, GDP-Fuc
transporters are critical regulators of the level of fucosylation (Lu
et al., 2010; Ma et al., 2006; Moriwaki et al., 2007). In vertebrates,
Slc35c1 is the primary transporter for GDP-Fuc transport into the
Golgi apparatus, where Futs modify glycosylated substrates, pri-
marily N-linked glycans (Hellbusch et al., 2007; Ma et al., 2006)
(Fig. 1A). Deﬁciency in fucose due to mutation of Slc35c1 leads to
the congenital disorder glycosylation type IIc in humans, which is
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characterized by immunodeﬁciency, developmental abnormalities,
psychomotor difﬁculties, and intellectual disability (Lubke et al.,
2001; Luhn et al., 2001).
Almost every cellular process in eukaryotes involves N-linked
glycoproteins on some level. Recently, different levels of fucosylation
have been associated with distinct receptor activities (Huang et al.,
2013; Liu et al., 2011), suggesting potential regulatory functions
of fucose modiﬁcation. However, the nature of such regulation
remains unknown. In this study, we found that expression of slc35c1,
a transporter involved in a rate-limiting step regulating fucosylation
(Lu et al., 2010; Moriwaki et al., 2007), ﬂuctuates dramatically during
development. This suggests that besides functioning as a “house-
keeping gene”, slc35c1 may also have a regulatory role through N-
linked fucosylation in speciﬁc developmental processes.
We used the zebraﬁsh system to dissect the consequence of
over-expression (OE) of Slc35c1 during embryonic patterning for
two main reasons: ﬁrst, a limited number of deﬁned signaling
pathways regulate axis patterning (Langdon and Mullins, 2011;
Fig. 1. slc35c1 enhances the level of N-linked fucosylation expression in zebraﬁsh embryos. (A) Schematic illustration of fucose biosynthetic pathways. Slc35c1 transports
GDP-Fuc into the late secretary pathway (mainly the Golgi apparatus). (B) slc35c1mRNA expression during zebraﬁsh development as quantiﬁed by qPCR. The blue bars show
slc35c1 relative expression during development and the red dots show the qPCR cycle number of the control gene odc1. (C) Western blot analysis of lysates of 5hpf zebraﬁsh
embryos expressing mouse Slc35c1-myc fusion protein. (D) Western blot analysis of global fucosylation levels at shield stage (6hpf) in embryos microinjected with gmds MO
or mouse slc35c1-myc mRNA in the presence or absence of GDP-Fuc before and after PNGase F digestion. Proteins were resolved by SDS-PAGE and IB with AAL followed by
anti-biotin-HRP in (D) or by streptavidin-Alexa488 for the quantiﬁcation in (E). N-fucosylation: N-linked fucosylation; O-fucosylation: fucose in mucin and O-fucosylated
proteins.
L. Feng et al. / Developmental Biology 395 (2014) 268–286 269
Schier and Talbot, 2005); second, many of the components of these
signaling pathways (e.g. Wnt ligand, Lrp6 and Frizzled in Wnt
signaling) are modiﬁed with N-linked glycan, but the functional
signiﬁcance of these modiﬁcations remains unknown (Cheng et al.,
2011; Janda et al., 2012; Joiner et al., 2013). Here we show that
Slc35c1 OE triggers enhanced N-linked fucosylation and that
elevating N-linked fucosylation in the early zebraﬁsh embryo
negatively regulates Wnt signaling at the level of the Wnt ligand.
Furthermore, our ﬁndings show that Wnt promotes elevated
expression of slc35c1. These results suggest that Wnt promotes
its own inactivation via up-regulation of a transporter, slc35c1 that
promotes terminal fucosylation and thereby limits Wnt activity.
Results
Expression of the GDP-Fuc transporter slc35c1 is dynamic in early
zebraﬁsh development
GDP-Fuc availability in cellular compartments is a limiting
factor for fucosylation (Lu et al., 2010; Moriwaki et al., 2007).
GDP-Fuc transporters play a key role in directing GDP-Fuc to
cellular compartments, and thus limit the GDP-Fuc available for
protein or glycan modiﬁcation (Ma et al., 2006). If fucosylation is
highly regulated, these transporters are likely targets for regula-
tion. Thus, we reasoned that the expression of GDP-Fuc transpor-
ters should also be dynamic during development. In support of
this notion, expression of the related slc35c2, which encodes a
candidate GDP-Fuc transporter for the early secretory pathway,
has been reported to be dynamic in microarray analysis (http://
zf-espresso.tuebingen.mpg.de). However, slc35c1 expression has
not been reported during zebraﬁsh development. Therefore, we
examined the abundance of slc35c1 mRNA during development
using quantitative PCR (qPCR) at several developmental stages,
including blastula (4hpf and 5hpf), segmentation (10, 13 and
17hpf), pharyngula [32hpf and 2dpf (day post fertilization)], at
hatching (3dpf) and during larval stages (4dpf). slc35c1 mRNA was
abundant in blastula, reduced during segmentation stages, and
abundant again in hatching and larval stages (Fig. 1B). Our qPCR
time course shows that zebraﬁsh slc35c1 mRNA ﬂuctuates in
abundance during development (Fig. 1B), which suggests that
GDP-Fuc transport is developmentally regulated rather than static,
as would be expected for a constitutive housekeeping process.
Fluctuation of slc35c1 expression levels during zebraﬁsh develop-
ment suggested that GDP-Fuc transport to the Golgi, and the N-
linked fucosylation that ensues are developmentally regulated.
The highly conserved GDP-fucose transporter mSlc35c1 promotes
N-linked fucosylation in zebraﬁsh
Comparison of the predicted protein sequence of Slc35c1 among
ﬁshes including Danio rerio (zebraﬁsh), Takifugu rubripes (Japanese
pufferﬁsh), Tetraodon nigroviridis (spotted green pufferﬁsh) and
Gasterosteus aculeatus (three-spined stickleback); amphibians Xeno-
pus tropicalis (western clawed frog); birds Gallus gallus (chicken); and
mammals including Mus musculus (mouse) and Homo sapiens
(human) indicated zebraﬁsh Slc35c1 was 70% identical and around
80% similar to Slc35c1 of other species (Table 1). For example,
Slc35C1 proteins showed 69% identity and 81% similarity overall
between zebraﬁsh and mouse. Within functionally important regions
(e.g. the trans-membrane domains), Slc35c1 was 495% identical
among all the vertebrates examined.
The biological function of slc35c1 ﬂuctuation can be examined
through inhibition or through over-expression of Slc35c1. In
previous work, knocking out an individual GDP-Fuc transporter
only caused mild phenotypes in ﬂies and in mice, likely due to
functional redundancy between transporters (Geisler et al., 2012;
Hellbusch et al., 2007; Ishikawa et al., 2010; Lu et al., 2010).
We reasoned that over-expressing a transporter might provide a
more robust means to perturb fucosylation. Based on the high
degree of similarity between zebraﬁsh and mouse Slc35c1, the
fully characterized mouse Myc-tagged Slc35c1 (Lu et al., 2010)
might similarly promote N-linked fucosylation in zebraﬁsh
embryos, as previously reported in cell culture (Lu et al., 2010).
To test this notion we expressed mouse slc35c1-myc (mSlc35c1)
mRNA in zebraﬁsh and detected the Slc35c1-Myc protein pro-
duced using an anti-Myc antibody immuno-blot (IB). We deter-
mined that mSlc35c1-Myc was expressed in zebraﬁsh embryos,
and its abundance was not affected by GDP-Fuc co-injection
(Fig. 1C). To investigate whether mSlc35c1 was biologically active
in zebraﬁsh embryos, we examined fucosylation by IB with Aleuria
Aurantia Lectin (AAL), which speciﬁcally recognizes fucose mod-
iﬁcations on glycan or protein (Fig. 1D). As anticipated, lysate of
embryos injected with either GDP-Fuc or mSlc35c1 showed an
increase in AAL staining, and fucosylation was further enhanced
when GDP-Fuc and mSlc35c1 were co-injected (Fig. 1D).
To determine if the enhanced AAL staining was due to N-linked
fucosylation on glycan we treated the injected embryos with
PNGase F, an enzyme that selectively removes the N-linked glycan
from glycoproteins (Maley et al., 1989). After PNGase F digestion,
only mucin- type O-linked glycoproteins and O-fucosylated glyco-
proteins remain. The AAL signal of embryos injected with
mSlc35c1 was less abundant after PNGase F digestion with or
without co-injection of GDP-Fuc (Fig. 1D and E) as compared to
wild-type or GDP-Fuc injected samples. These results indicate that
mSlc35c1 enhances N-linked fucosylation.
Enhanced N-linked fucosylation disrupts dorsal-ventral patterning of
zebraﬁsh embryos
Previous studies have shown that fucosylation progressively
accumulates through the ﬁrst four days of early zebraﬁsh devel-
opment (Dehnert et al., 2011). Limiting fucosylation in mice is
known to cause developmental defects including early embryonic
death (Du et al., 2010; Smith et al., 2002), neuronal migration
disorders (Ohata et al., 2009), skeletal abnormalities and other
defects (Hayes et al., 2013; Ma et al., 2006). However, the
consequence of excess fucosylation has not been examined. To
test the effect of excess fucosylation on zebraﬁsh development, we
injected various doses of GDP-Fuc into early zebraﬁsh embryos.
At 26–30 hpf (hours post fertilization) patterning defects were appar-
ent in 5% (n¼237) of GDP-Fuc injected embryos with a minority of
these lacking identiﬁable structures. The infrequency of severe phe-
notypes in embryos injected with GDP-Fuc alone suggests that
embryos possess a robust system to monitor fucose levels and balance
fucosylation events (e.g. N-linked versus O-linked).
In contrast to GDP-Fuc injection, which affected less than 10%
of injected embryos, mSlc35c1 caused dorsalization of the major-
ity of injected embryos (Fig. 2A) in a dose dependent manner in
terms of severity and penetrance (Fig. 2B). To determine if a larger
GDP-Fuc pool would modulate the mSlc35c1 phenotype, we co-
injected GDP-Fuc with mSlc35c1 mRNA. Co-injection of GDP-Fuc
caused more severe dorsalization without changing the ratio of
dorsalized embryos (Fig. 2B).
To exclude the possibility that dorsalization was caused by a
nonspeciﬁc overexpression effect that was independent of
Slc35c1's GDP-Fuc transporter function we expressed a mutant
Slc35c1 protein, lacking the transporter activity. The Slc35c1
T308R single point mutation was ﬁrst reported in a human patient
with Leukocyte adhesion deﬁciency type II (Etzioni et al., 2002;
Roos and Law, 2001). This mutant protein retains the cellular
localization of the wild-type protein but lacks GDP-Fuc
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transportation activity (van de Vijver et al., 2012). Therefore, we
mutated this conserved amino acid to create a Flag-tagged mouse
version of the T308R mutant. We injected mSlc35c1T308R mRNA
into zebraﬁsh embryos and conﬁrmed by western blotting that the
injected mSlc35c1T308R mRNA produced a stable mutant protein
(Fig. S1A). Consistent with a requirement for its transporter
activity, mSlc35c1T308R OE did not cause signiﬁcant dorsalization
compared to injecting RNA coding for the wild-type protein (Fig.
S1B).
Some transporters are known to transport multiple sugars
(Ishikawa et al., 2010); thus, it was possible that Slc35c1 induced
phenotypes were due to effects beyond fucose transport. To
investigate whether mSlc35c1 induced dorsalization was speciﬁc
for GDP-Fuc, we co-injectedmSlc35c1with UDP-sugars. In contrast
to GDP-Fuc, neither UDP-Glucose nor UDP-Galactose enhanced or
ameliorated the mSlc35c1 phenotypes (Fig. S1C). To independently
assess whether mSlc35c1 induced dorsalization was through GDP-
Fuc transporter function, we injected mSlc35c1 together with
morpholino to knock down GDP-mannose 4,6-dehydratase (gmds)
(Ohata et al., 2009) (Fig. S1D). As in previous studies (Ohata et al.,
2009), knocking down gmds, the ﬁrst enzyme in the de novo GDP-
Fuc synthetic pathway decreased fucosylation in zebraﬁsh
embryos, as assessed by AAL (Fig. 1D). Whereas co-injection of
mSlc35c1 with GDP-Fuc, which enhanced the penetrance and
severity of dorsalization (Fig. 2B), co-injection of mslc35c1 with
gmds MO shifted the distribution of dorsalized phenotypes toward
weaker classes (Fig. S1D). Taken together, these results indicate the
DV patterning defects were dependent on GDP-Fuc transport
activity.
Expression of ventral transcriptional factors, vox/vent, declines when
N-linked fucosylation is enhanced
Dorsal ventral patterning of the early zebraﬁsh embryo is
regulated by direct mutual antagonism between pathways that
promote dorsal fate and those that promote ventral cell fates
(Langdon and Mullins, 2011; Melby et al., 2000; Schier and Talbot,
2005). A maternal Wnt pathway speciﬁes the dorsal organizer
(Langdon and Mullins, 2011). During zygotic stages the activities of
BMP and Wnt signaling pathways establish ventrolateral fates
(Langdon and Mullins, 2011; Schier and Talbot, 2005). Thus, the
patterning defects caused by elevated N-fucosylation could be due
to enhanced maternal Wnt signaling. Alternatively, enhanced
N-fucosylation could interfere with zygotic Bmp/Wnt signaling
during ventrolateral patterning. To investigate these possibilities we
examined embryos at sphere stage (3.5 hpf), a stage when transcrip-
tion factors promoting dorsal and ventral fates are ﬁrst expressed
and before reciprocal antagonism would confound interpretation of
changes in expression. qPCR analysis revealed that GDP-Fuc or
mSlc35c1 decreased the abundance of mRNAs encoding ventral
transcriptional factors, vent and vox (Fig. 2C and D), suggesting that
Table 1
Comparison of vertebrate Slc35c1.
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Fig. 2. Elevated N-fucosylation dorsalizes zebraﬁsh embryos. (A) Variable degrees of dorsalization in embryos over-expressing mSlc35c1. (B) Quantiﬁcation of the severity
and penetrance of dorsalization in each treatment. (C and D) qPCR of the ventral transcriptional factors vox and vent in WT, GDP-Fuc injected or mSlc35c1 expressing
embryos. (E–L) in situ hybridization with dorsal (chordin and gsc) and ventral (eve1) speciﬁc markers at shield stage (6hpf). (E–H) chordin expression in treated embryos (I–L)
eve1 and gsc expression. The expression angles of chordin and gsc of embryos with each treatment are summarized in (M) and (N) respectably. The sample sizes for each
treatment are as follows: wt (N¼15), GDP-Fuc(N¼13), mSlc35c1(N¼18) and mSlc35c1 plus GDP-Fuc (N¼21) for (M); and wt (N¼19), GDP-Fuc (N¼15), mSlc35c1(N¼21) and
mSlc35c1 plus GDP-Fuc (N¼22) for (N). For chordin angle, ordinary One-way ANOVA between sample group means, p¼0.0002. For gsc angle, ordinary One-way ANOVA
between sample group means, p¼0.0001. Note: ** Tukey's procedure after ANOVA po0.01. Null hypothesis for χ2 between embryos injected with 1 ng mSlc35c1 and with
GDP-Fuc plus 1 ng mSlc35c1 p¼1.41E-04; for χ2 between embryos injected with 2 ng mSlc35c1 and with GDP-Fuc plus 2 ng mSlc35c1 p¼8.99E-03.
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dorsalization in the presence of elevated N-fucosylation was due to
inhibition of factors that promote ventral fates.
To further investigate the molecular basis of the patterning
defect we used in situ hybridization to examine markers of dorsal
and ventral fates in early gastrula (shield stage embryos). Con-
sistent with the earlier disruption of vox and vent, the dorsal
marker chordin (Fig. 2E–H and quantiﬁcation in Fig. 2M) was
quantitatively expanded from an average of 91 degrees in wild
type (WT) (n¼15; Fig. 2E and M), to 97 degrees in GDP-Fuc
injected (n¼13; Fig. 2F and M) and 115 degrees in mSlc35c1
injected (n¼18; Fig. 2G and M) embryos. Similarly, the dorsal
mesodermal marker gsc (goosecoid) (Fig. 2I L and quantiﬁcation in
Fig. 2N) was expanded from 64 degrees in WT (n¼19, Fig. 2I and
N) to 79 degrees in mSlc35c1 injected (n¼21; Fig. 2K and N)
embryos. Statistical analysis showed thatmSlc35c1 OE signiﬁcantly
expanded the chordin and gsc expression regions compared to
untreated embryos [PostHoc Tukey's HSD (honest signiﬁcant dif-
ference) test, po0.01]. Reciprocally, a ventral marker eve1 (even-
skipped-like1) was reduced at 6hpf in embryos expressing GDP-Fuc
(n¼15; Fig. 2J) or mSlc35c1 (n¼21; Fig. 2K). Consistent with the
reduced ventral marker expression (Fig. 2C and D), eve1mRNAwas
also less abundant (Compare Fig. 2K and L to I and J). These
phenotypes were more severe in embryos injected with both
GDP-Fuc and mSlc35c1 (Fig. 2H and L). Expansion of goosecoid,
which is not observed in zebraﬁsh BMP mutants strongly indicates
that Wnt signaling rather than BMP signaling is the target of
N-fucosylation.
To exclude the possibility that BMP signaling is perturbed in
mSlc35c1 OE embryos, we examined phosphorylated Smad1/5/8
(P-Smad) levels, which provide a direct indicator of Bmp2b/4/7
activity (Little and Mullins, 2009; Mintzer et al., 2001), in treated
embryos. We found no signiﬁcant change in P-Smad1/5/8 abun-
dance in embryos treated with GDP-Fuc, mSlc35c1 or both
(Fig. 3A and B), indicating that elevated fucosylation did not
interfere with BMP activation at early stages. In addition, we
investigated whether excess BMP signaling could suppress
dorsalization associated with elevated N-fucosylation. As pre-
viously reported, over-expression of bmp2b/7 ventralized most
wild-type embryos (Little and Mullins, 2009; Nikaido et al., 1997)
and some embryos co-expressing mslc35c1. However, excess BMP
did not suppress the strongest dorsalized phenotypes (Fig. 3C).
Taken together, the expansion of axial mesoderm markers, P-
Smad levels and Bmp2b/7-induced ventralization indicate that
BMP signaling is intact in the presence of excess N-linked
fucosylation.
Notch signaling is the best-characterized signaling pathway
regulated by fucose modiﬁcation (Stanley, 2007; Stanley and
Okajima, 2010). To investigate whether transporter overexpression
alters Notch signaling, we examined Notch activity using a
transgenic GFP-reporter line for Notch activity (Parsons et al.,
2009). No signiﬁcant changes in Notch signaling were observed in
embryos expressing mslc35c1 or another GDP-Fuc transporter,
slc35c2, that is responsible for the early secretory pathway
(Fig. 3D), thus indicating that Notch signaling is also intact when
N-linked fucosylation is elevated.
Diminished expression of vox and vent in blastula indicated
Wnt signaling might be affected in mSlc35c1 expressing embryos.
In zebraﬁsh development, Wnt signaling is critical for patterning
the dorsal-ventral (DV) embryonic axis, maternal Wnt8a promotes
speciﬁcation of the dorsal organizer and zygotic Wnts contribute
to patterning of ventral-lateral mesoderm (Fekany et al., 1999;
Kelly et al., 2000; Langdon and Mullins, 2011; Lu et al., 2011;
Marlow, 2010; Schier and Talbot, 2005) and during later stages
Wnt promotes posterior fates along the anterior posterior (AP)
axis (Erter et al., 2001; Kim et al., 2000; Kimelman et al., 1992;
Lekven et al., 2001; Schier and Talbot, 2005).
Wnt signaling is reduced when N-linked fucosylation is elevated
To examine maternal Wnt we assessed two of the earliest
indicators of dorsal canonical Wnt activity: activation of an
immediate target gene, bozozok (dharma) and nuclear β-catenin
accumulation in cells at the core dorsal Wnt response region and
the adjacent marginal region, which will become the future dorsal
region (Illustrated as Fig. 4G) (Fekany-Lee et al., 2000; Kelly et al.,
2000; Langdon and Mullins, 2011; Ryu et al., 2001; Shimizu et al.,
2000; Sirotkin et al., 2000; Solnica-Krezel and Driever, 2001).
As shown by in situ hybridization (Fig. 4A and D), the territory of
the dorsal boz (bozozok) expression domain was signiﬁcantly
reduced in embryos injected with GDP-Fuc, or mSlc35c1 mRNA
(Fig. 4B, D, E). Quantitative RT-PCR and analysis of the boz
expression domain at sphere stage showed that both GDP-Fuc
and mSlc35c1 led to decreased boz abundance and angle of
expression (Fig. 4E and F), while gmds MO slightly expanded boz
expression (Fig. 4E and F). To determine if reduced activation of
boz was due to diminished Wnt signal, we examined the localiza-
tion of β-catenin just before the onset of the zygotic gene
transcription. In response to maternally provided Wnt, β-catenin
accumulation within the yolk syncytial layer (YSL), a region
adjacent to the margin characterized by the presence of nuclei
without surrounding membranes, indicates the future dorsal
region (Fig. 4G, H, K). β-catenin was also strongly enriched in
the nuclei of marginal cells proximal to this region in normal
embryos (Fig. 4H: n¼6), and in embryos injected with mSlc35c2
(Fig. 4I; n¼5). However, strong nuclear β-catenin was absent in
the marginal blastoderm cells in GDP-Fuc and mSlc35c1 expressing
embryos (Fig. 4I and K; n¼7 for GDP-Fuc and n¼9 for mSlc35c1).
Together with the expression analyses these results suggest excess
N-fucosylation disrupts maternal Wnt signaling and leads to
diminished expression of immediate Wnt target genes.
Wnt8a gain of function is known to cause an expansion of the
immediate Wnt target boz during early dorsal-ventral patterning
(Compare Figs. 4A and 5A). As shown by in situ hybridization
(Fig. 5A and D), the territory of the boz expression domain was
signiﬁcantly reduced in embryos co-injected with GDP-Fuc, or
mSlc35c1 mRNA (Fig. 5B and D and quantiﬁcation shown in
Fig. 5E). Quantitative RT-PCR analysis of boz mRNA at sphere stage
showed that both GDP-Fuc and mSlc35c1 led to decreased boz
abundance (Fig. 5F) in Wnt8a OE embryos, while coninjection of
gmds MO did not signiﬁcantly modulate boz expression (Fig. 5E
and F). Together with the expression analyses these results suggest
excess N-fucosylation blocks maternal Wnt signaling and leads to
reduction of immediate Wnt target genes.
We further investigated whether excess N-linked fucosylation
affected the later zygotic roles of Wnt in patterning ventrolateral
and posterior fates. Speciﬁcally, we determined if elevating
N-fucosylation with mSlc35c1 and GDP-Fuc could suppress poster-
iorization induced by Wnt8a gain of function. As reported pre-
viously (Kelly et al., 1995), Wnt8a gain of function caused loss of
anterior brain structures concomitant with expansion of posterior
structures at late stages (Fig. 5G and H). Co-injection of mSlc35c1
or GDP-Fuc partially suppressed posteriorization by Wnt8
(Fig. 5H). Taken together, these results suggest that excess N-
fucosylation can block both endogenous and exogenous Wnt
signaling.
As an independent assessment of N-linked fucosylation effects
on Wnt signaling, we performed Top-ﬂash assays using CHO
(Chinese hamster ovary) cell lines. We choose CHO cells because
there are well-established engineered CHO cell lines with different
repertoires of glycan modiﬁcation (Patnaik and Stanley, 2006;
Stanley et al., 1996). Normally, CHO cells do not express 1–3,4
Fucosyltransferases. The main N-linked glycan structure is repre-
sented by structure 1 (Fig. S2A). The LEC30 cell line is a CHO cell
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derivative in which forced expression of FUT IV and FUT IX has
been introduced (Patnaik et al., 2000; Potvin and Stanley, 1991).
In these cells, the predominant N-linked glycan structure is
represented by structure 2 (Fig. S2A). Fucose modiﬁcation can
also be achieved by directly adding fucose using in vitro fucosyla-
tion assays (Zheng et al., 2011)(Fig. S2A).
We performed TOP-ﬂash assays as reported in (Mao et al.,
2002, 2001) and found that the LEC30 line, which has alpha 1–3/
1–4 fucosylation on the N-linked glycan, had less Wnt activity (Fig.
S2B). To control for potential differential responses between cell
lines, we performed in vitro fucosylation assays. Since both CHO
and LEC30 lines have endogenous Wnt activity, we normalized all
data to untreated CHO or LEC30 lines. The dual luciferase assay
revealed decreased Wnt response after fucosylation in CHO cells,
whereas the LEC30 cells, which already had 1–3/1–4 fucosylation,
showed no difference in Wnt activity (Fig. S2C). Therefore,
terminal N-fucosylation can also block Wnt signaling in CHO cells.
Elevated N-fucosylation diminishes the range of Wnt signaling
We used a chimeric approach to distinguish between an effect on
ligand secretion versus receptor and cofactor mediated reception of
the Wnt signal. Brieﬂy, donor embryos were injected with a tracer
dye and wnt8a mRNA, with or without mSlc35c1 mRNA and
transplanted into dome-stage wild-type host embryos (Fig. 6A).
At one-hour post transplantation, the intensity of nuclear β-catenin
Fig. 3. BMP and Notch signaling are intact in mSlc35c1 expressing embryos. (A) Phospho-Smad1/5/8 antibody blot indicates BMP signaling activity in each treatment.
(B) Quantiﬁcation of Phospho-Smad1/5/8 levels, normalized to α-Tubulin protein levels. (C) Molecular interaction between BMP signaling and Slc35c1 function. (D) Dorsal
view of a transgenic zebraﬁsh larva expressing a GFP reporter of Notch activity. Graph shows the GFP expression levels determined by the ﬂuorescence intensities of
transgenic notch reporter embryos injected with the speciﬁed molecules. The data represent the average of GFP reporter intensity from individual treated embryos, with WT
set as 100%.
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in donor cells and neighboring host cells was quantiﬁed (Fig. 6A).
Brieﬂy donor cells were identiﬁed based on the ﬂuorescent signal of
the tracer dye, and nearby host cells were assigned based on their
distance from the donor cells as N1 (the cells in direct contact with
donor cells), N2 (one cell away from donor cells), N3, etc. and all cells
four cell diameters away from the donor were deﬁned as B (back-
ground) cells. The nuclear region was deﬁned based on DAPI, and the
β-catenin intensity in the nuclear region was measured (Fig. 6B).
As anticipated, the Wnt secreted by these donor cells activated
β-catenin nuclear translocation in neighboring cells within a certain
range of the ligand-expressing donors (Fig. 6B). However, given the
small amount of wnt8a mRNA introduced into donor cells, the brief
one-hour incubation time and the limited donor cell numbers,
β-catenin accumulation was used as a direct readout of the response
of wild-type host cells to wnt8a expressing donor cells (Fig. 6D).
Donor cells also responded to the wnt8 they secreted and the
response of the adjacent host cells directly correlated with the
distance of the cell from the donors (Fig. 6C and D). The cells in
direct contact with donors (N1) showed the strongest response, N2
was weaker, and so on. For all experiments examined, N4 was nearly
identical to the background cells, including in the experiment shown
in Fig. 6C, in which N3 cells were also not different relative to
background (data not shown).
If mSlc35c1 affected the process of Wnt8a secretion, then less
Wnt8 would be released from donor cells that co-express
mSlc35c1. This would result in a reduced Wnt active region
surrounding donor cells as determined by assessing nuclear β-
catenin accumulation in the neighboring host cells. If secretion
was not impaired in donor cells co-expressing mSlc35c1 and Wnt,
then the Wnt activity range would resemble that induced by
donors expressing Wnt8 alone. Conversely, the ability of cells to
respond to Wnt ligand in the presence of Slc35c1 can be deter-
mined by transplanting Wnt expressing donor cells into host
embryos that express mSlc35c1. If mSlc35c1 decreased the ability
of host cells to respond to Wnt ligand, then the Wnt8 active region
(neighbors with nuclear β-catenin) would be reduced in host cells
that express mSlc35c1 compared to WT hosts. We observed no
signiﬁcant difference in the Wnt activity region formed by donor
cells that expressed Wnt8a alone or together with mSlc35c1
(Fig. 6C and D). In contrast, the response to Wnt8a expressing
Fig. 4. GDP-Fuc or mSlc35c1 overexpression inhibits maternal Wnt signaling. (A-D) in situ hybridization of a direct Wnt signal target gene bozozok(dharma) in sphere stage
(4hpf) embryos; lateral views. (E) Quantiﬁcation of bozozok domain angle (e.g. dashed lines in A-D) in each group. The sample sizes for each treatment were as follows: gmds
MO (N¼35), wt (N¼18), GDP-Fuc(N¼54) and mSlc35c1(N¼26). Ordinary One-way ANOVA between sample group means, po0.0001. (F) qPCR of bozozok, a direct Wnt
target gene in WT, GDP-Fuc injected or mSlc35c1 expressing embryos. bozozok expression is normalized to expression of the eef1a1a house keeping gene. (G) Schematic
illustration of an embryo demonstrates the boxed regions shown in (H-K) for β-catenin protein localization at 512 cell stage (3hpf). View of the dorsal margin, as indicated by
the nuclei of the yolk syncitial layer, which lack membranes (red arrowhead) at the margin, and the strong nuclear label (white arrowhead) in cells within the “core” region
(i.e. closest to the Wnt8a source). The nuclear localization of β-catenin in the core region of (H) WT (n¼6) and (I) mSlc35c2 (n¼5) injected embryo, but is faint in either
(J) GDP-Fuc (n¼7) or (K) mSlc35c1 (n¼9) injected embryos. Note: ** Tukey's procedure after ANOVA ** po0.01; * po0.05. Bar¼100 μm.
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donor cells was diminished when the host cells expressed
mSlc35c1 (Fig. 6D). Taken together, these results indicate that
Wnt8a secretion is intact, but the ability of neighboring cells to
respond to Wnt8a signaling is attenuated in the presence of
mSlc35c1.
In light of the transplantation results, we closely examined theWnt
activity gradients established by maternal Wnt in wild-type and
slc35c1 OE embryos (Fig. 7A and B; n¼3 for WT and n¼7 for slc35c1
OE). As previously reported (Lim et al., 2012; Lu et al., 2011), three
regions of distinct Wnt activity were observed: the region closest to
the Wnt source, referred to here as the core and margin region, had
the highest Wnt activity as indicated by nuclear β-Catenin (white
arrowhead) (Fig. 7A, c); the region adjacent to the core had weaker
activity (Fig. 7A and b); and regions distal to the source lacked nuclear
Fig. 5. mSlc35c1 and GDP-Fuc can suppress Wnt8a induced patterning defects. (A–D) in situ hybridization of bozozok expression in injected embryos at sphere stage (4hpf).
(E) Quantiﬁcation of bozozok angle (area outlined by dashed lines in A–D). (F) qPCR of bozozok, a direct Wnt target gene, in embryos injected with wnt8a alone or combined with
GDP-Fuc, gmdsMO injected ormSlc35c1 expressing embryos. bozozok expressionwas normalized to the expression of the house keeping gene eef1a1a. (G) Posteriorization caused by
over-expression ofwnt8a. All embryos shown are 18hpf. P1-P4 denote the degree of posteriorization, as determined by the marker gene pax2a-krox20-myoD expression patterns. The
P1 class lacks the telencephalon as indicated by loss of anterior pax2a expression, (red arrow). P2 embryos lack regions anterior to the MHB domain of pax2a, (red arrowhead). P3
embryos lack MHB expression of pax2a. In the P4 class krox20 expression indicates loss of anterior hindbrain segments. (H) Quantiﬁcation of each treatment. Note: ** Tukey's
procedure after ANOVA po0.01. Null hypothesis for χ2 between embryos injected with wnt8a and with wnt8a plus mSlc35c1 p¼6.05E-08.
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β-Catenin (Fig. 7A,a). In slc35c1OE embryos, the region of the embryo
with the intermediate Wnt response based on nuclear β-catenin
staining (regions adjacent to and distal to the core region) was
expanded. Although the region with nuclear β-catenin staining was
expanded, the highest levels normally found on dorsal were not
attained (Fig. 7B, d–f). This ﬂattened gradient suggests that Slc35C1
interferes with formation of distinct domains of high and low Wnt
activity.
Fig. 6. mSlc35c1 non-cell-autonomously limits Wnt8a activity. (A–B) Schematic depicts the procedure for making chimeras and the quantiﬁcation of the Wnt responses in
host embryos. Donor embryos were injected with tracer dye and wnt8amRNA, with or withoutmSlc35c1mRNA. At the 1000-cell stage, cells were extracted from donors and
transplanted into dome-stage host embryos. Confocal images of chimeric embryos were taken with the same setting for all embryos. Then 8 sections (equal to 2.4 μm of
embryo volume) were projected to a single image, as shown in (B–C). (B) Merged images (Red: donor; blue: nuclei and green: β-catenin staining). Regions to be quantiﬁed
were determined in Photoshop CS5 by manually circling the nuclear region of target cells in nuclei channel and measuring in the β-catenin channel. Cells were divided
accordingly: D, donor cells; N1, cells directly adjacent to donors; N2, cells 1- cell away from donors; B, background cells (those at least 4 cell diameters away from donor
cells). (C–D) nuclear β-Catenin abundance in the chimeras, normalized to the staining in background cells. The numbers in each column indicate the number of cells
analyzed. (C) The response of WT embryos to donor cells expressing mSlc35c1 mRNA. (D) The response of WT embryos to donor cells expressing wnt8a or wnt8a plus
mSlc35c1 mRNA. (F) The response of WT or mSlc35c1 expressing embryos to donor cells expressing wnt8a mRNA. Note: ** Tuckey's procedure after ANOVA po0.01;
* po0.05.
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Excess Slc35C1 reduces Wnt8a, but not Lrp6 protein levels
Because our chimeric analysis indicated that Wnt8 signaling was
likely disrupted at the level of ligand/receptor/cofactor interactions
we investigated which components were modiﬁed by Fucosylation.
Previous reports indicate that Wnt8a is modiﬁed by N-linked glycan
modiﬁcation based on the PDB crystal structure and detection of
fucose on Xenopus Wnt8 (Janda et al., 2012). Since the N-linked
glycan modiﬁcation site is conserved among vertebrates, we pre-
dicted that zebraﬁsh Wnt8a was a likely candidate for modiﬁcation
by fucosylation. To examine Wnt8a protein, we generated Flag-
tagged versions of wild-type and dominant negative zebraﬁsh
Wnt8a. Through overexpression studies we determined that tagged
Wnt retained biological activity, but was less potent than its
untagged counterpart (Fig. S3). Moreover, as with the untagged
Wnt8, co-expression with mSlc35c1 inhibited the activity of the
Flag-tagged Wnt8a (Fig. S3B). However, we were unable to achieve
expression levels of Wnt8a-ﬂag that were sufﬁcient to detect any
fucosylation with AAL IB.
Dominant negative Xenopus Wnt8 protein, which lacks the C-
terminal region, competes with wild-type Wnt8a for receptors and
cofactors when expressed in Xenopus or zebraﬁsh embryos (Erter
et al., 2001; Hoppler et al., 1996). This dominant negative form of
Wnt8 (DN-Wnt8) is thought to bind to the receptor without
activating it or inducing its internalization (Hikasa and Sokol,
2011). Since this DN-Wnt8 retains the N-linked glycosylation sites
and can be highly expressed (Hoppler et al., 1996), we reasoned
that fucosylation of Wnt8 ligand could be examined using
DN-Wnt8-Flag. First we determined if DN-Wnt8 had biological
activity. As previously reported in Xenopus (Cheyette et al., 2002),
DN-Wnt8 over-expression caused dorsal-ventral patterning
defects but was less potent than its untagged counterpart (Fig. S3).
Fig. 7. Excess fucosylation changes the response pattern of Wnt signaling. (A-B) Projections of stacks of individual confocal image sections show the nuclear localization of β-
catenin in early zebraﬁsh embryos (512 cell stage). (a–f) Single confocal sections. (A) β-catenin in a representative wild-type embryo. (a) Peripheral blastomeres at the animal
pole. (b) medial region of the blastoderm. (c) The “core” region of highest Wnt activity at the dorsal margin. (B) The Wnt gradient of a representative mSlc35c1 expressing
embryo. (d) The edge, (e) the medial and (f) the core and margin regions. (C-D) Schematic illustration shows Wnt activities based on β-catenin nuclear localization. In wild-
type embryos, with the normal level of N-fucosylation, Wnt protein creates a gradient. In Slc35c1 over-expressing embryos, with excess N-fucosylation, Wnt protein levels
are diminished, which reduces the highest Wnt activity response region; Lrp6 protein level is increased, which increases the basal level of the Wnt response, creating an
extended zone of intermediate Wnt response. Note: Bar¼200 μm.
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As anticipated, the DN-Wnt8-Flag was recognized by the fucose
speciﬁc lectin AAL (Fig. 8A), indicating that Wnt8 is likely modiﬁed
with N-linked fucosylation in vivo.
We also investigated whether endogenous Lrp6 was a substrate
for fucosylation using a metabolic labeling system to introduce an
alkyne-tagged GDP-Fuc analog, GDP-L-6-ethynylfucose (GDP-FucAl)
(Wang et al., 2009b). The alkyne-bearing fucose incorporated into
fucosylated proteins can then be labeled by biotin-azide via Copper
(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) (Jiang et al., 2011;
Soriano Del Amo et al., 2010) and detected with anti-biotin IB
(Fig. 8B). We found that endogenous LRP6 was fucosylated in wild-
type and mSlc35c1 expressing embryos (Fig. 8B), indicating that Lrp6
is also likely a substrate for N-linked fucosylation.
Our chimeric analysis showed that mSlc35c1 co-expression did
not impair Wnt secretion from donor cells. In contrast, mSlc35c1
diminished the response to Wnt ligand when expressed in
receiving cells, indicating diminished activation of or interaction
with receptors/cofactors on receiving cells or increased clearance
of Wnt. To test the possibility that excess N-Fucosylation altered
Wnt ligand abundance, we examined Wnt8a-Flag abundance in
mSlc35c1 expressing embryos (Fig. 8C). We injected embryos with
wnt8a-Flag in the presence or absence of mSlc35c1, and extracted
protein at shield stage for IB. Wnt8a-ﬂag expression was very
weak in wild type, and was undetectable in the presence of
mSlc35c1. We also examined the abundance of DN-Wnt8a protein
and found that it too was reduced in embryos co-expressing
mSlc35c1 (Fig. 8D, S4A). Thus, excess terminal fucose led to a
decrease in Wnt ligand abundance.
Wnt ligand is strictly regulated at multiple levels (Gross and
Boutros, 2013; Strigini and Cohen, 2000). However, the major
known mechanism to clear Wnt ligand is through degradation
mediated by Lrp6:Wnt binding, which limits both the Wnt ligand
and Lrp6 receptor protein levels (Li et al., 2010; Park et al., 2013).
Lrp6 mediates canonical Wnt signaling activity through a mechan-
ism thought to involve regulated endocytosis (Pinson et al., 2000;
Tamai et al., 2000; Wehrli et al., 2000). Once Wnt8a ligand binds
to Lrp6 and Frizzled receptors, the Lrp6-Fz-Wnt complex is
endocytosed via either Caveolin- or Clathrin-dependent pathways,
which activates or inhibits β-catenin signaling by degrading or
recycling the protein complex, respectively. (Yamamoto et al.,
2008a). Our chimeric analysis and IP results showed that mSlc35c1
over-expression affected Wnt ligand abundance after its secretion;
thus, it was possible that Wnt8a signaling was limited through
Lrp6 mediated degradation.
If Lrp6 mediated degradation were responsible for diminished
Wnt8a in mSlc35c1 expressing embryos, then both Lrp6 and
Wnt8a protein levels should similarly decline in the presence of
mSlc35c1. To investigate this possibility we expressed a tagged
human Lrp6 (Mao et al., 2001). However, when expressed on its
own Flag-Lrp6 was too weak to detect (Fig. 8E, S4B), likely due to
DKK-Kremen mediated degradation (Mao et al., 2002, 2001).
Previous studies have shown that ligand, when co-expressed can
compete with DKK1 for Lrp6 binding (Li et al., 2010). Accordingly,
we were able to detect Flag-Lrp6 when it was co-expressed with
the DN-Wnt8a ligand (Fig. 8E, S4B). As before, DN-Wnt8 protein
was less abundant in the presence of mSlc35c1(Fig. 8E, S4A).
Surprisingly, the abundance of tagged Lrp6 did not decline, but
instead increased in the presence of mSlc35c1. These results
indicate that Lrp6 degradation and Wnt degradation are not
coupled in the Slc35c1 OE environment.
Fig. 8. Excess fucosylation is associated with decreased Wnt8 and enhanced Lrp6. (A) AAL Immuno-blot (IB) DN-Wnt8-Flag is modiﬁed by fucosylation. Top panel AAL IB;
Lower panel, α-Flag IB shows DN-Wnt8-Flag input. Each lane represents pull-down of DN-Wnt8-Flag from a pool of 33 embryos. (B) IB shows Lrp6 is fucosylated, which is
recognized by bioorthogonal labeling. Top panel: GDP-FucAl incorporated bands. FucAl was detected by linking to Azido-biotin through a click reaction, which is recognized
by anti-biotin IB. Lower panel: α-Lrp6 IB shows the endogenous Lrp6 input. Each lane represents Lrp6 pull-down from a pool of 45 embryos. (C) anti-Flag IB showing Wnt8a-
Flag protein in the presence or absence ofmSlc35c1. Each lane represents an IP from a pool of 67 embryos. (D) anti-Flag IB shows the DN-Wnt8-Flag (DNW-F) protein level in
the presence or absence of mSlc35c1. Each lane represents pull-down of DN-Wnt8-Flag from a pool of 27 embryos. The lower panel is α-Actin IB (2 embryo equivalents for
each treatment). (E) IB shows mSlc35c1 expression has opposite effects on DN-Wnt8-Flag and Flag-Lrp6 protein abundance. Top panel: α-Flag IB reveals reduced DN-Wnt8-
Flag in mSlc35c1 expressing embryos. Middle panel: α-Flag IB shows enhanced Flag-Lrp6 in mSlc35c1 expressing embryos. Each lane represents pull-down of Flag tagged
protein from a pool of 64 embryos. The lower panel is the loading control with each lane representing the lysate from 2 embryo equivalents. Blue arrowhead indicates DN-
Wnt8-Flag; red arrowhead marks Wnt8-Flag-Mid; orange arrowhead indicates Lrp6-Flag or endogenous Lrp6. (F) Quantiﬁcation of the penetrance and severity of
dorsalization in embryos injected with mSlc35c1, lrp6 or both, reveals interaction between mslc35c1 and lrp6. 500 pg of mslc35c1 and 300 pg lrp6 mRNA was injected per
embryo. Null hypothesis for χ2 between embryos injected with mSlc35c1 and with lrp6 plus mSlc35c1 p¼9.29E-09.
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Excess Lrp6 enhances N-fucosylation mediated dorsalization
Previous studies demonstrate direct linkage between Lrp6
glycosylation and its stability and function (Jung et al., 2011);
therefore, it was possible that excess N-fucosylation stabilized
Lrp6. However, the ratios of fucosylated Lrp6 between wild type
and embryos expressing mSlc35c1 were not signiﬁcantly different
when normalized to the Lrp6 input for each sample (Fig. 8B).
To further investigate the relationship between elevated Lrp6 and
Slc35c1 induced dorsalization we tested whether embryos expres-
sing mSlc35c1 were more sensitive to Lrp6 OE. Wild-type embryos
injected with 300 pg of lrp6 were phenotypically normal, embryos
injected with 500 pg mSlc35c1 showed patterning defects in less
than 20% of embryos (Fig. 8F). By comparison combined injection
of both caused dorsalization of more than 70% of embryos
(Fig. 8F); thus, mSlc35c1 expressing embryos are more sensitive
to elevated Lrp6 protein.
slc35c1 expression is associated with Wnt activity
Given the developmental ﬂuctuations in slc35c1 expression,
Slc35c1's inhibitory effect on Wnt8a signaling, recent reports that
slc35c1 can be induced by TGF-β signaling (Xu et al., 2013) and the
known function of TGF-β family members, BMPs, in antagonism of
maternal Wnt activity during early development, we hypothesized
that slc35c1 could be activated by BMP. Therefore we used qPCR to
test the responsiveness of slc35c1 to these early signaling path-
ways. Surprisingly, among the pathways examined we found that
Wnt8a OE led to a nearly twofold increase of slc35c1 mRNA levels
compared to control embryos, when expression was normalized to
that of the house keeping gene odc1 (Fig. 9A). This enhancement
was speciﬁc as slc35c2, a candidate GDP-Fuc transporter for the
early secretory pathway, showed diminished levels rather than
enhanced expression in Wnt8a OE embryos when compared to
wild type (Fig. 9A). On the other hand, when canonical Wnt
signaling was inhibited by injecting DN-wnt8 mRNA, slc35c1
mRNA abundance declined, while slc35c2 mRNA abundance did
not change (Fig. 9A).
To further examine the relationship between slc35c1 expression
and Wnt activity, we performed ﬂuorescent in situ hybridization for
zebraﬁsh slc35c1 at shield stage and co-stained with β-catenin to
label the Wnt active region. Confocal images showed that β-catenin
staining was enriched in one side of the embryo (Fig. 9B and C),
consistent with reported Wnt activity regions (Erter et al., 2001; Itoh
and Sokol, 1999; Lekven et al., 2001; Schier and Talbot, 2005; Sumoy
et al., 1999). Fluorescent in situ hybridization for zebraﬁsh slc35c1
showed that slc35c1 mRNA was broadly distributed, as reported
previously, and appeared to be enriched in regions with strong
β-catenin staining (Fig. 9B; n¼8). No signal was detected with slc35c1
sense probe (Fig. 9C; n¼7). Taken together these ﬁndings suggest that
canonical Wnt signaling can modulate slc35c1 expression.
Discussion
Fucosylated glycans are known to be involved in early develop-
ment (Ma et al., 2006). However, single or double gene knockouts of
the components of fucosylation pathways, mainly fucosyltransferases
in mouse cause embryonic lethality (Du et al., 2010; Luhn et al., 2001;
Okamura and Saga, 2008; Smith et al., 2002), or compromise overall
health of the embryo. (Domino et al., 2001; Homeister et al., 2001;
Kudo et al., 2004; Maly et al., 1996). Thus, with the exception of
FucT8 (Gu et al., 2013; Kamio et al., 2012; Wang et al., 2006) loss of
function studies have been hampered by early lethality and redun-
dancy among enzymes. Here we utilized an overexpression (OE)
strategy to study the function of one speciﬁc fucose modiﬁcation,
N-linked fucosylation in zebraﬁsh. We identiﬁed a regulatory
function of N-linked fucosylation on Wnt signaling that is mediated
through the GDP-Fuc transporter, Slc35c1. Furthermore, we identi-
ﬁed Wnt8a ligand and the Lrp6 coreceptor as substrates of N-fucose
modiﬁcation. Interestingly, although both Wnt8a and Lrp6 are
modiﬁed, Lrp6 abundance increases whereas based on the OE
phenotypes and reduced DN-Wnt8 we infer that Wnt8a abund-
ance similarly decreases in slc35C1 overexpressing embryos. We
propose that the combined effect of reduced ligand and sustained
Lrp6 dampens the Wnt activity gradient in slc35C1 overexpressing
embryos and thereby disrupts patterning. Surprisingly, we found
that Wnt promotes slc35c1 expression, thereby forming a negative
feedback loop for Wnt regulation.
Fig. 9. The interplay of Wnt8a signaling, slc35c1-mediated GDP-Fuc transport and
N-linked fucosylation. (A) qPCR results show the relative expression of slc35c1 and
slc35c2 in zebraﬁsh embryos treated with wnt8a or DN-wnt8amRNA and untreated
control sphere stage (4hpf) embryos. All results are normalized to odc1. Expression
in WT is deﬁned as 100%. (B-C) Confocal images of slc35c1 ﬂuorescent in situ show
positive correlation between slc35c1 expression and β-catenin. Red: β-catenin
protein staining. Green: in situ hybridization using slc35C1 antisense probe in
(B) or slc35c1 sense probe in (C). Blue: nuclei. (D) A schematic model depicts the
relationship between Slc35c1 and Wnt8a. Wnt8a activated canonical Wnt signaling
enhances slc35c1 expression. Increased slc35c1 enhances N-linked fucosylation,
which inhibits Wnt/β-catenin/TCF signaling during both blastula and gastrula
stages. Therefore, these components comprise a negative regulatory loop to control
Wnt signaling through N-fucosylation. Note: Bar¼300 μm.
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Negative feedback of canonical Wnt signal through Slc35c1 mediated
N-fucosylation
Canonical Wnt signaling is required for multiple aspects of
early embryonic patterning. In zebraﬁsh, a maternal Wnt pathway
speciﬁes the dorsal organizer (Langdon and Mullins, 2011). During
gastrula stages the activity of zygotic Wnt and BMP signaling
pathways establishes ventrolateral fates and limits axial (organi-
zer) fates (Langdon and Mullins, 2011; Schier and Talbot, 2005).
During segmentation stages, Wnt activity is required to pattern
the anterior-posterior axis (McGrew et al., 1995) and for somito-
genesis (Takada et al., 1994). Signiﬁcantly, the domains of Wnt
activity shift as the embryo is undergoing morphogenesis
(Langdon and Mullins, 2011; Schier and Talbot, 2005), but the
mechanisms that facilitate redeployment of Wnt for its maternal
and zygotic functions are not fully understood.
Here we found that mRNA encoding slc35c1, a GDP-fucose
transporter that facilitates N-Fucosylation, ﬂuctuates in abundance
during zebraﬁsh embryogenesis, increases with elevated Wnt and
decreases whenWnt is inhibited, suggesting modulation of slc35c1
expression may be important for Wnt regulated developmental
processes. We show that BMP and Notch signaling pathways are
intact in the presence of elevated fucosylation associated with
excess Slc35C1. In contrast, canonical Wnt signaling is diminished.
As has been recently reported for other Wnt inhibitors (Flowers et
al., 2012; Hayes et al., 2013; Liu et al., 2013), the reduced
expression of direct Wnt targets in slc35c1 expressing embryos is
consistent with an inhibitory function of Slc35C1 on Wnt signal-
ing. Reduced intensity of nuclear β-Catenin in the “core” region
(future dorsal) and the immediate Wnt target boz prior to forma-
tion of the dorsal organizer are consistent with inhibition of
maternal Canonical Wnt signaling. Although Wnt is initially
required to induce the organizer, it subsequently acts in lateral
mesoderm to limit the size of the organizer (Fig. 9D) reviewed in
(Langdon and Mullins, 2011; Schier and Talbot, 2005). In bozozok
mutants, loss of anterior head structures occurs due to expanded
Wnt activity (Erter et al., 2001; Fekany-Lee et al., 2000; Gonzalez
et al., 2000). In constrast, the expanded organizer based on chordin
and gsc expression and subsequent morphological phenotypes of
Slc35c1 OE embryos are consistent with sustained attenuation of
Wnt. Therefore, these seemingly contradictory results at different
stages suggest that N-fucosylation continuously modulates Wnt
signaling during early morphogenesis and gastrulation: Slc35c1
OE embryos have reduced Wnt during both blastula and gastrula
stages, when they display reduced and expanded dorsal structures,
respectively. Notably, because negative regulation of Wnt activity
by Slc35C1 is not conﬁned to early zygotic stages before the
formation of the previously deﬁned transcription-dependent
Wnt signaling feedback loop (Logan and Nusse, 2004), but was
also observed in later AP patterning events, as shown by the
inhibition of the early patterning defects and posteriorization
induced by exogenous wnt8a our ﬁndings suggest the existence
of a negative feedback loop, by which Wnt signaling controls
Slc35c1-mediated N-fucosylation, which in turn inhibits Wnt8
signaling (Fig. 9D). Negative feedback regulation such as the N-
fucosylation mediated feedback loop discovered in this work could
provide a robust mechanism to clear the maternal Wnt signal and
allow for reutilization of Wnt in later processes, such as patterning
of the zygotic anterior posterior axis.
Wnt ligand and Lrp6 receptor modiﬁcation and patterning
Many Wnt signaling components, including Wnt (Tang et al.,
2012), Frizzled receptor (Janda et al., 2012), Lrp6 co-receptor (Khan
et al., 2007), and antagonists such as DKK (Haniu et al., 2011),
Wif1 (Malinauskas et al., 2011), and sFRPs (Chong et al., 2002) are
known to be modiﬁed by N-linked glycans in species ranging from
fruit ﬂies to humans. Other studies have shown that N-glycosylation of
Lrp6 is indispensable for its folding and normal function in cultured
cells (Jung et al., 2011; Singh et al., 2013). Among the potential Wnt
signaling candidates for regulation via N-Fucosylation, RNAseq data
(Sanger Zebraﬁsh Sequencing Project) and their published expression
patterns indicate that wif1, and the secreted frizzled-related proteins
sfrp1b, sfrp 2, sfrp2l and sfrp5 (Lu et al., 2011; Tendeng and Houart,
2006) are not expressed at stages corresponding to the earliest
phenotypes caused by excess Slc35c1. Thus, fucosylation of these
proteins cannot account for the observed Wnt regulation.
In contrast, Frizzled receptors, Lrp6 and two early antagonists, Sfrp1a
and Frzb (Lu et al., 2011) are expressed during this developmental
period, and thus are potential substrates for fucosylation-mediated
regulation of Wnt signaling. In this study, we have conﬁrmed that at
least two such components, Wnt8a and Lrp6, are fucosylated in the
zebraﬁsh embryo.
Importantly, we discovered that elevating N-fucosylation by OE
of slc35c1 decreases the abundance of Wnt8a without impairing its
secretion. Instead N-fucosylation attenuates Wnt signaling in the
responding cells. Similarly, studies in Drosophila indicate that Wnt
ligands devoid of N-glycan modiﬁcation have no apparent effect
on ligand secretion, or short-range target activation, indicating
receptor binding is intact; however, these ligands show reduced
rescue capacity in paracrine rescue assays (Tang et al., 2012). The
authors concluded that N-glycosylation was dispensable for Wg/
Wnt activity; however, Wnt abundance and forced fucosylation
were not examined in that study.
The major known mechanism to degrade Wnt protein is
through Lrp6:Wnt binding (Yamamoto et al., 2008a); thus, we
were initially surprised that slc35c1 OE did not diminish Lrp6
abundance, but rather increased it. However, reduced Wnt8a and
sustained Lrp6 could account for the elevated basal but ﬂattened
Wnt activity gradient observed in Slc35C1 expressing embryos, as
Lrp6 has been previously shown to activate canonical Wnt signal-
ing (Tamai et al., 2000). Consistent with this notion, slc35c1 OE
embryos are more sensitive to elevated Lrp6 than wild-type
embryos. Previous studies of Lrp6 mediated regulation of Wnt
signaling indicate that the presence of Lrp6 does not necessarily
result in Wnt activation because Lrp6 must be phosphorylated and
internalized to activate Wnt signaling (Liang et al., 2011) and
reviewed in (Cruciat and Niehrs, 2013). In addition, Lrp6 is known
to form higher order complexes with multiple factors that can
inﬂuence the composition of the higher order complexes as well as
whether or not the Wnt signal is transduced. For example, several
Wnt inhibitors interact with Lrp6 and block Wnt signaling (e.g.
Dkk1 (Sakane et al., 2010; Yamamoto et al., 2008b), IGFBP-4 (Zhu
et al., 2008), and Sclerostin domain-containing 1 (Wise/SOST)
(Lintern et al., 2009)). Thus, it is possible that Wnt signaling is
attenuated despite the excess Lrp6 because it is not in the proper
state (e.g. phosphorylation or higher order complex) to activate
high levels of Wnt signaling. Another Low-density lipoprotein
receptor, LRP-1 depends on core fucosylation for its function in
endocytosis (Lee et al., 2006). Previous studies indicate that
whether LRP6 functions in the canonical Wnt versus the non-
canonical Wnt pathway is regulated at the level of endocytic
sorting (Yamamoto et al., 2006, 2008a), an exciting possibility for
future exploration is that fucosylation differentially regulates the
abundance of Lrp6 and Wnt ligands via modulation of endocytosis.
Dorsal-ventral patterning in vertebrates requires input from
multiple coordinated pathways. A delicate balance between the
major pathways, Wnt and TGF-β (BMP and Nodals) controls cell
proliferation, differentiation and migration during this early devel-
opmental process. We provide evidence that enhanced fucosylation
of N-linked glycans disrupts embryonic patterning by inhibiting
the canonical Wnt signaling pathway. Although knock down of
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GDP-mannose 4,6-dehydratase (gmds) the ﬁrst enzyme in the de
novo GDP-Fuc synthetic pathway decreased fucosylation in zebra-
ﬁsh embryos, it did not fully suppress the mSlc35c1 OE phenotype.
Because the Gmds protein is maternally loaded (Ohata et al., 2009),
it is likely that the doses of gmds MO used only partially disrupted
gmds and did not completely eliminate endogenous GDP-Fuc
production or deplete the maternal pool of GDP-Fuc. Alternatively,
Slc35c1 exerts its effects on Wnt signaling by a mechanism
independent of gmds. Notably, the expression of the human Slc35c1
GDP-fucose transporter was recently reported to be up-regulated by
TGF-β (Xu et al., 2013). Moreover, TGF-beta1 signaling deﬁciency
occurs in alpha1,6-fucosyltransferase (Fut8) null mice, which lack
the enzyme that catalyzes the core fucose modiﬁcation of N-glycans
under the direct control of slc35c1(Wang et al., 2005). This work,
together with our ﬁndings suggests that negative regulatory loops
involving slc35c1 may be a common mechanism utilized by diverse
signaling pathways to limit signaling activity spatially and tempo-
rally; thus, allowing the same factors to be redeployed during
multiple stages of morphogenesis such that the embryo can be
patterned with a relatively small number of signaling pathways.
Materials and methods
Animal welfare
The animal work performed in this study was approved by the
Institutional Review Board of the Albert Einstein College of
Medicine.
Fish strains
Notch reporter lines (Parsons et al., 2009), AB, and casper
(mitfaw2/w2;roya9/a9) (White et al., 2008) lines were used in this
study. All ﬁsh were maintained under standard conditions and
were staged by morphological characteristics and hours post
fertilization (hpf) as described (Kimmel et al., 1995).
Nucleotide sugar treatments
GDP-Fucose and GDP-FucAl were synthesized and puriﬁed as
previously described (Wang et al., 2009a). UDP-Galactose and
UDP-Glucose were gifts from the Wang lab (Ban et al., 2012;
Woodward et al., 2010). All nucleotide sugars were resuspended in
nuclease free water at a concentration of 30 nM. 1 nl of solution
was injected into 1–4 cell stage embryos unless speciﬁcally
mentioned.
The dose of GDP-Fuc injected was determined as follows:
10 pmol per embryo GDP-Fuc rescues the gmds mutant phenotype
(Ohata et al., 2009). Considering maternal contribution, three
different doses were tested: 30, 60 and 90 pmol of GDP-Fuc per
embryo. All three doses had similar survival and abnormality
ratios. Therefore, 30 pmol was used for all GDP-Fuc injections.
RNA isolation, RNA reverse transcription (RT) and quantitative real-
time PCR (qPCR)
RNA was extracted using TRIzols RNA isolation reagents (Life
Technologies, CT, USA). 20 embryos were pooled for RNA isolation
for each stage or treatment condition examined. RT was carried
out as previously described (Feng et al., 2010).
Quantitative PCR was carried out using an Eppendorf Master-
cyclers pro system (Eppendorf, NY, USA) with SYBR green
ﬂuorescent label. For housekeeping gene loading controls,
ornithine decarboxylase 1 (odc1), eukaryotic translation elongation
factor 1 alpha 1a (eef1a1a) and glyceraldehyde-3-phosphate
dehydrogenase, spermatogenic (gapdhs) genes were selected and
compared. odc1 showed the least ﬂuctuation as reported (http://
zf-espresso.tuebingen.mpg.de), thus was used as the control
amplicon for the slc35c1 and slc35c2 time course. eef1a1a was
the most abundant and thus was used as the control amplicon for
bozozok (dharma), vent and vox. Detailed sample preparation, cycle
setting and data analysis were performed as described (Feng et al.,
2010). The primer sequences used in this study were as follows:
zebraﬁsh dharma (left, 50–TGGTGAACTTTCCTTGTCCA; right, 50–
TTGCCCTGCATAGTAAGTCG), slc35c1 (left, 50–CCGGTCTTCAT-
CACCTTCTT; right, 50–CAGGACACAAGCTTGAGAGG), slc35c2 (left,
50–CTCATGTTCCTGGGCCTATT; right, 50–CCACCCACAGACAGAGT-
GAC); vent (left 50–ACCGATGTGGAGAGTGATGA, right 50–GAGATCT-
GATCGCAGGTGAA); vox (left 50–TGATGCCTCTTCATCCTCAC; right
50–ATATTGCACACCAGCGTGAT).
Notch reporter GFP quantiﬁcation
To measure Notch activity, treated embryos were sorted into
96-well plates with one embryo per well. Quantiﬁcation of GFP
signales was carried out using an Eppendorf Mastercyclers pro
system (Eppendorf, NY, USA) using the SYBR green ﬂuorescent
channel. All data were normalized to the signal detected in
negative embryos, then analyzed using Excel (Microscoft, USA).
Post-hoc analysis after ANOVA was used to determine the differ-
ences among sample groups.
Constructs, mRNA preparation and injection
The following plasmids were obtained from and used according
to the original sources: Mouse slc35c1 (Lu et al., 2010), zebraﬁsh
bmp2 and bmp7 (Little and Mullins, 2009), zebraﬁsh wnt8a (Lu et
al., 2011), Dominant-negative wnt8 (McGrew et al., 1997) and
Human Lrp6 (Mao et al., 2001).
The mouse slc35c1 T308R mutation construct was generated
using QuikChange Lightning Site-Directed Mutagenesis Kit (Agi-
lent Technologies, Santa Clara, CA,) to change nucleotide 920 C to
920 G.
To avoid disrupting the three dimensional structure of Wnt8a,
we applied an in silico design approach to compare the predicted
Flag inserted Wnt8a with wild-type Wnt8a 3-D structure based on
the Xenopus Wnt8 structure (PDB4F0A) (Janda et al., 2012) using
Phyre2 online software. Based on the in silico candidates, we opted
to insert the Flag tag DNA sequence GACTACAAGGATGACGATGA-
CAAA between 274A and 275R of Wnt8a protein to generate
Wnt8a-Flag. The DN-Wnt8 Flag construct was created by inserting
the Flag tag sequence 50 to the TGA stop codon. All insertions were
introduced using the QuikChange Kit. All changes were conﬁrmed
by sequencing.
mRNA was synthesized from linearized DNA using the mMes-
senger Machine kit (Ambion, TX, USA). The amount of mRNA
injected per embryo was as follows: mouse slc35c1 1 ng, unless
speciﬁcally mentioned otherwise, 15 pg zebraﬁsh bmp2b, 50 pg
bmp7 (Little and Mullins, 2009), 50 pg wnt8a (Lu et al., 2011),
500 pg Dominant-negative wnt8 (McGrew et al., 1997); 300 pg
Lrp6.
Immunoﬂuorescence
Antibody staining of embryos with β-catenin was performed as
described (Lyman Gingerich et al., 2005) with the following
exceptions. Embryos were incubated with a 1:500 dilution of
either alexa 488, or alexa 533-labeled rabbit anti-mouse secondary
antibody (Molecular Probes, USA). Nuclei were stained with
0.5 μg/ml bisBenzimide H 33342 trihydrochloride (Hoechst
33342) in PBS (Sigma-Aldrich, Germany) overnight. Images were
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taken using a Leica TCS SP5 confocal microscope (Leica Micro-
systems, Wetzlar, Germany) and projected using ImageJ software.
Chimeric analysis and nuclear β-catenin quantiﬁcation
To determine the autonomy of Slc35c1 function with respect to
Wnt signaling, donor embryos were injected with Dextran–Alexa
488 (Molecular Probes, Eugene, OR) and RNA encoding wnt8a with
or without slc35c1, host embryos were injected with/without
slc35c1 mRNA. Chimeras were made using standard methods
(Westerﬁeld, 1995). After 1 h, embryos were ﬁxed and β-catenin
staining was performed as previously described (Tang et al., 2012).
To measure Wnt8a activity, we used nuclear β-catenin abun-
dance as the direct readout. For nuclear β-catenin quantiﬁcation,
8 image sections (0.3 μm each to make 2.4 μm section) were
projected to a single ﬁgure for all individual color channels. All
three channels were merged using Photoshop CS5 (Adobe, San
Jose, CA, USA). Donor cells were identiﬁed by the Dextran–Alexa
488, cells were divided into groups according to proximity (cell
diameters) to the donor cells: the cells directly adjacent to donor
cells were named N1 cells; then, N2, N3 etc. Background cells were
at least 4 cells away from donor cells. Nuclear β-catenin abun-
dance was measured manually, by circling the nuclei area (as
shown in Fig. 5B). Only the nuclei at the S to G stage were used for
quantiﬁcation and all data were normalized to the background cell
intensity from the same picture, which was set to be 100%. All data
were pooled according to their location and grouped as donor
cells, N1 cells and N2 cell. The average and standard deviation
were measured from the pools. Data analysis was performed as
described (Feng et al., 2010), except after one-way analysis of
variance (ANOVA), Tukey's HSD test was used to determine which
groups differed from each other. Analysis of mSlc35c1 OE donor
cells transplanted to wild-type hosts showed no changes in
nuclear β-Catenin abundance in donor or host cells after trans-
plantation, indicating the transplantation procedure does not
perturb activity (Fig. S5).
Morpholino
The injection of gmds MO (50–ACCCATCCTGAAACCACATA-
GAGGG-30) was 2 ng per embryo as published before (Ohata et
al., 2009).
RNA in situ hybridization
RNA in situ hybridization was performed as described (Feng et
al., 2010; Prince et al., 1998). The probes used in this study:
bozozok, chordin, eve1, gsc, egr2b (krox20), myoD, pax2a and squint
(ndr1) were obtained from Dr. Solnica-Krezel (Washington Uni-
versity, Saint Louis, USA). Unless otherwise stated, images of whole
mount embryos were acquired using an Olympus SZ61 dissecting
microscope equipped with a high-resolution digital camera
(model S97809, Olympus America) and Picture Frame 2.0 or
3.0 software (Optronics). Two-color in situ hybridization embryos
were ﬂat mounted as described and images were acquired using
an AxioPlan2 microscope equipped with an AxioCam CCD camera
(Zeiss). Images of ﬂuorescent in situ hybridization embryos were
acquired using Leica SP5 confocal. GFP reporter expression of the
Tp1bglob:egfp line was acquired using an Olympus SZ16 ﬂuores-
cent dissecting microscope and Microﬁre digital camera (Olym-
pus). Images were processed in ImageJ, Adobe Photoshop, and
Adobe Illustrator.
Immuno-precipitation (IP) and western blot
Antibody IP and western blot for Flag tagged proteins were
generally performed as previously described (Little and Mullins,
2009). For Wnt8a-Flag detection, 67 embryos were pooled for
lysate and IP; for DN-Wnt8-Flag detection, 33 embryos were
pooled for IP for both the DN-Wnt8 injected and WT control
samples; for the DN-Wnt8-Flag and Lrp6-Flag interaction experi-
ment, 64 embryos were pooled for IP. Protein equal to two embryo
equivalents was used for each sample.
Antibody IP and western blot for Myc tagged mSlc35c1 and
mSlc35c1 T308R proteins were performed as described (Lu et al.,
2010). Except zebraﬁsh embryo lysates rather than cell lysates
were used for analysis. For mSlc35c1-Myc and mSlc35c1 T308R
protein detection, 20 embryos were pooled. Protein equal to two
embryo equivalents was used for western analysis.
Western blot for P-Smad1/5/8 was performed as described
(Little and Mullins, 2009), except 20 shield stage embryos per
condition were manually deyolked, frozen immediately in liquid
nitrogen after deyolking, and lysed in SDS loading buffer just
before running the gel.
To analyze endogenous Lrp6 fucosylation, GDP-FucAl was
injected into 1–4 cell stage embryos and 45 embryos were
collected at sphere stage (4hpf) for protein. MBS buffer was used
to deyolk as described (Cousin et al., 2012). Next a click reaction to
link biotin to the Alkyne group containing fucose was performed
as previously described (Besanceney-Webler et al., 2011). A mouse
monoclonal antibody for Lrp6 [1C10] (2 μg per IP, Abcam,) fol-
lowed by Protein G resin (3 μl per IP, Genscript) was used to enrich
for zebraﬁsh Lrp6 IP. 1C10 (1:1000) was also used for western blot.
FucAl was detected through the linked biotin using a mouse anti-
biotin HRP (1:10,000, Invitrogen).
For Aleuria Aurantia Lectin (AAL) staining, we manually
deyolked embryos to circumvent yolk protein interference with
the detection of fucose with AAL. 20 embryos per treatment were
manually deyolked at shield stage, then pooled and lysed in 2
SDS sample buffer. Proteins equal to 1.5 embryo equivalents per
sample were separated using SDS-PAGE and detected by IB with
biotinylated AAL (1:200, Vector lab B-1395) and mouse anti-biotin
HRP (1:10,000). Rabbit anti-actin or anti-α-tubulin antibodies
(1:500, Millipore, ABT170) were used as loading controls for the
western blot as described (Tucker et al., 2008). For all loading
control IB, each lane represents the protein equivalent of one
embryo, except where stated otherwise.
PNGase F digestion and AAL quantiﬁcation
Peptide-N-Glycosidase F (PNGase F) (New England Biolabs,
USA) digestion was performed on nitro-cellulose membranes after
transfer of proteins. For an 86 cm2 membrane, 5 μl of enzyme
was used in a total volume of 10 ml in buffer as described in the
manufacturers protocol. For PNGase F digestion, duplicate samples
were loaded and SDS-PAGE was conducted. After transferring to
nitrocellulose ﬁlm, one sample was digested with PNGase F and
the duplicate was incubated with only digestion buffer. Digestion
was performed in a sealed plastic bag on a shaker at 37 1C for 16 h.
The digestion time was determined by comparing the AAL staining
signal on the same sample for 6, 12, 16, 24 and 48-h periods.
Results showed no difference for any samples with digestion over
12-h. After digestion, the PNGase F was washed 3 times with PBST
buffer for 3 times and AAL IB was simultaneously performed on
both membranes.
AAL immune-blot was carried out as follows: Membranes were
blocked with 1 Western blotting reagent solution (Roche, USA) in
PBST, incubated with Biotin-AAL, which was then incubated with HRP-
mouse anti-Biotin. AAL detection and quantiﬁcation were performed
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using Streptavidin Alexa-488 (1:300, Invitrogen) to detect Biotin
signals. AAL abundance was scanned using Storm 840 (GE, Healthcare)
and quantiﬁed using ImageJ software.
TOP-ﬂash assays
Top-ﬂash assays were performed as reported in (Mao et al., 2002,
2001) using well-established engineered CHO cell lines with different
repertoires of glycan modiﬁcation (Patnaik and Stanley, 2006; Stanley
et al., 1996). To control for potential differential responses between cell
lines, we performed in vitro fucosylation assays as described (Zheng et
al., 2011). Since both CHO and LEC30 lines have endogenous Wnt
activity, we normalized all data to untreated CHO or LEC30 lines,
which we set as 100%. After a 20 min in vitro fucosylation treatment,
the cells were washed once with Dulbecco's Phosphate Buffered Saline
(DPBS), then treated with the Wnt8a containing serum produced by
CHO or LEC30 cells for 6 h before performing the dual luciferase assay.
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